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Abstract 28 

Polyploid giant cancer cells (PGCCs), characterised by multinucleation and atypical nuclear 29 

morphology, are a common feature of undifferentiated pleomorphic sarcomas. While PGCCs 30 

may be a critical substrate for cancer evolution, their formation pathways and genomic 31 

consequences remain underexplored.  32 

In this study, we characterise PGCCs in ten pleomorphic sarcomas and use topographic single-33 

cell DNA sequencing (scDNA-seq) to investigate their genomic landscape. We selected 34 

PGCCs based on their nuclear morphology, including mononucleated or multinucleated 35 

bizarre, misshapen nuclei, and analysed them at single-cell resolution.  36 

Histopathological analysis showed that PGCCs were often randomly distributed throughout the 37 

tumour and did not appear in clusters, suggesting that they arise de novo rather than through 38 

clonal expansion. scDNA-seq revealed that PGCCs originate from the dominant tumour 39 

population and exhibit extensive copy number heterogeneity, either due to subsequent or 40 

ongoing chromosomal instability. Both clonal and subclonal chromothripsis-like events were 41 

identified in PGCCs, indicating that chromothripsis is a key driver of heterogeneity in these 42 

cells and is linked to multinucleation rather than mononuclear PGCC formation.  FACS-based 43 

ploidy analysis of one undifferentiated pleomorphic sarcoma (UPS) revealed a twice whole-44 

genome-duplicated population (6.2n) distinct from the bulk tumour (3.3n). This population 45 

contained all clonal, but none of the subclonal chromothripsis-like events observed in PGCCs. 46 

Our findings highlight PGCCs as a highly heterogeneous and evolutionarily dynamic 47 

component of UPSs. The recurrent chromothripsis-like events observed in PGCCs suggest 48 

ongoing genomic reshaping that may drive tumour progression and the poor clinical outcomes 49 

observed for these tumours. 50 

 51 

Keywords 52 

Polyploid giant cancer cells, whole genome duplication, chromothripsis, topographic single-53 

cell DNA sequencing, copy number aberration, undifferentiated pleomorphic sarcoma. 54 

 55 

Highlights 56 

Topographic scDNA-seq of 10 UPS samples reveals the genomic traits of PGCCs. 57 

PGCCs show random tumour distribution, suggesting de novo formation. 58 

PGCCs arise from the dominant tumour population and display rich CNA heterogeneity. 59 
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PGCCs contain clonal and subclonal chromothripsis-like genomic events. 60 

Chromothripsis-like events in PGCCs associate with multinucleation. 61 
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Introduction 63 

Polyploid giant cancer cells (PGCCs) are a morphologically distinct subpopulation of tumour 64 

cells characterised by their markedly enlarged size and high ploidy levels. These cells may 65 

contain either a single massive nucleus or multiple nuclei, often 10-20 times larger in size when 66 

compared with neighbouring normal diploid cells [1]. PGCCs are thought to arise through 67 

successive aberrant cell cycle events involving whole genome duplication (WGD), i.e. the 68 

duplication of a cell’s entire chromosome set during a single aberrant mitotic event. WGD can 69 

arise through endoreplication (also referred to as endoreduplication), a process whereby DNA 70 

is replicated without subsequent mitosis [2]. Endoreplication is often initiated by mitotic errors, 71 

including endocycling, mitotic slippage, endomitosis and cytokinesis failure [3-5]. Non-mitotic 72 

processes such as cell fusion and cell cannibalism have also been implicated in PGCC 73 

formation [6, 7]. Once formed, these atypical cells may enter dormancy [8] but retain the 74 

capacity to reinitiate proliferation and generate a diverse progeny, likely contributing to tumour 75 

recurrence, metastasis and treatment resistance [9-11]. 76 

WGD is observed in a significant fraction of human cancers [12-14] and underlies many of the 77 

morphological hallmarks of PGCCs, including nuclear enlargement, pleomorphism and 78 

chromatin architectural changes, all of which are used routinely in common histopathological 79 

tumour prognostic grading systems [15, 16]. WGD is linked to increased chromosomal 80 

instability, aneuploidy, and enhanced tolerance to large-scale genomic rearrangements, 81 

facilitating tumour adaptation and evolutionary plasticity [17-19].  82 

Although WGD events have been well-characterised in bulk sequencing studies, these 83 

approaches obscure the nature and contribution of rare cell populations such as PGCCs. Recent 84 

advances in single-cell DNA sequencing (scDNA-seq) now permit high-resolution 85 

interrogation of tumour heterogeneity, allowing us to study the genomic evolution of individual 86 

tumour cells at unprecedented depth [20, 21]. PGCCs frequently show evidence of multiple 87 

WGD events [5] and likely harbour large-scale copy number alterations not observed in non-88 

polyploid cells. Therefore, innovative methods such as topographic scDNA-seq, a laser 89 

capture-based single-cell isolation and DNA sequencing approach, provides a unique 90 

opportunity to map the genomic trajectories of PGCCs in situ and elucidate their role in tumour 91 

progression [22]. 92 

Undifferentiated pleomorphic sarcoma (UPS), a genetically complex subtype of soft tissue 93 

sarcoma, represents a powerful model for studying PGCC biology. Up to 90% of UPSs show 94 

evidence of at least one WGD and many exhibit multiple duplications (Steele et al., 2019). In 95 
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addition, these tumours are heavily enriched for other macroevolutionary genomic events such 96 

as chromothripsis, a chromosome shattering and reassembly event associated with poor 97 

prognosis in cancer [23-26]. The widespread occurrence of WGD in UPS leads to extensive 98 

aneuploidy, genome-wide loss of heterozygosity and complex structural rearrangements. 99 

Chromothripsis, often co-occurring with WGD, also permits rapid oncogenic transformation 100 

through simultaneous amplification of oncogenes and deletion of tumour suppressors [27].  101 

In this study, we applied topographic scDNA-seq [22] to ten pleomorphic sarcomas to 102 

investigate the emergence and clonal architecture of PGCCs. We profiled the genomic 103 

landscape of PGCCs in pleomorphic sarcomas to elucidate their clonal relationships and 104 

determined how this rare cell type might arise and persist amongst genomically unstable 105 

tumour clones.  106 

 107 

Results 108 

The spatial distribution and histopathological characteristics of PGCCs  109 

We selected ten pleomorphic sarcomas (French FNCLCC grade 3) for analysis based on current 110 

diagnostic criteria (Table 1) [28]. The cohort included 7 UPSs, one myxofibrosarcoma, one 111 

dedifferentiated liposarcoma (DDLPS) and one pleomorphic liposarcoma. The latter three 112 

entities are known to mimic UPS histologically [29].  113 

Across all ten cases, we observed a striking and consistent presence of PGCCs on light 114 

microscopy. These cells were defined by markedly abnormal nuclear morphology, including 115 

large, irregularly shaped mononuclear or multinuclear forms (Figure 1a-e). No osteoclast-type 116 

giant cells were observed histologically; these cells derive from the monocyte/macrophage 117 

lineage and typically lack abnormal nuclear morphology such as nuclear pleomorphism. 118 

PGCCs were typically observed as a randomly dispersed minority population within tumour 119 

sections rather than forming discrete clusters. This spatial distribution does not preclude their 120 

derivation from a common progenitor but suggests that PGCCs arise de novo in parallel while 121 

likely retaining their clonal relatedness to the bulk tumour population (Figure 1a-e).  122 

 123 

Topographic scDNA-seq is an effective method for exploring the genomic landscape of 124 

polyploid giant cancer cells in pleomorphic sarcomas 125 

Laser capture microdissection (LCM) permits the precise isolation of individual cells from 126 

tissue sections while preserving both their morphological and spatial context. To assess the 127 
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potential damaging effect of the laser beam on DNA from PGCC and to exclude introduction 128 

of unwanted sequencing artefacts during LCM, we decided to compare the sequencing quality 129 

of FACS-sorted single cells to LCM-isolated PGCCs. A total of 20 single cells (11 FACS-130 

sorted nuclei and 9 LCM-isolated PGCCs) underwent WGA and scDNA-seq (Figure 2a-b). 131 

Notably, LCM-isolated cells exclusively comprised PGCCs, while FACS-sorted nuclei 132 

included both normal and aberrant tumour nuclei (Figure 2a-e). Comparative analysis revealed 133 

that LCM-isolated cells were of high quality relative to FACS-sorted cells. Indeed, LCM-134 

isolated cells exhibited significantly higher percentages of mapped and paired reads when 135 

compared with FACS-sorted nuclei (Figure 2f), while there was no difference in duplicated 136 

reads (Figure 2g). They also resulted in superior sequencing coverage breadth (Figure 2h), 137 

with no observed difference in coverage uniformity assessed by the Gini index, a measure of 138 

read distribution evenness (Figure 2i). Moreover, copy number calling successfully inferred 139 

CNAs in 91% of LCM-isolated cells, compared to 78% of FACS-sorted nuclei (Figure 2j; 140 

Material and Methods). These findings confirm that LCM is a reliable method for isolating 141 

PGCCs for scDNA-seq, despite technical challenges such as navigating polyploid cells through 142 

multiple tissue sections.  143 

 144 

Polyploid giant cancer cells display extreme copy number heterogeneity  145 

We next performed topographic scDNA-seq on 112 PGCC nuclei from ten pleomorphic 146 

sarcomas, leveraging LCM of PGCCs prior to DNA sequencing, preserving their 147 

morphological characteristics (Figure 3a). PGCC nucleus area ranged from 256-3,080 m2 148 

across all ten cases (Supplementary Figure 1a). Additional morphometric features of PGCC 149 

nuclei are summarised in Supplementary Figure 1b-f. To facilitate comparison with the clonal 150 

bulk copy number profiles (Supplementary Figures 2, 3 and 4), we fitted the sequencing data 151 

from PGCCs to a ploidy range closely matching the bulk genome-wide total copy number. We 152 

could infer total and allele-specific CNAs in most PGCCs across all ten pleomorphic sarcomas 153 

(96 out of 112 cells) that successfully underwent scDNA-seq. PGCC scDNA-seq quality 154 

control metrics are shown in Supplementary Figures 5a-f. Notably, allele-specific CNAs in 155 

PGCCs closely resembled those identified through bulk WGS, suggesting that PGCCs share 156 

common genetic attributes with the overall tumour population (Figure 3b-d). However, 157 

PGCCs also exhibited extreme copy number heterogeneity, with multiple additional copy 158 

number gains and losses compared to the bulk tumour population (Figure 3c-d) and a high 159 
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percentage of the genome being altered (Figure 3e), indicating recent, ongoing, or subsequent 160 

chromosomal instability. 161 

Polyploid giant cancer cells arise from the clonal tumour population 162 

To investigate genetic relationships among PGCCs and their connection to the dominant clone, 163 

we inferred phylogenies of PGCCs isolated from the UPSs using MEDICC2, an allele-specific 164 

CNA-based minimum-event distance approach [30]. This revealed extensive CNA 165 

heterogeneity within PGCCs, yet all could be traced back to the clonal profile (Figure 4a-d). 166 

This suggests that PGCCs may emerge de novo within tumours as spatially dispersed cells yet 167 

still originate from the dominant tumour population before diverging to acquire distinct genetic 168 

features, including additional copy number gains and losses. Given the extensive and 169 

heterogeneous nature of CNAs observed in the PGCCs, it remains unclear whether these events 170 

are under selection. Similar phylogenetic patterns were observed for PGCCs isolated from all 171 

ten pleomorphic sarcomas (Supplementary Figures 6-9).  172 

Although there was a high degree of copy number heterogeneity, some cases showed consistent 173 

(clonal) genomic alterations across all PGCCs isolated from the same tumour (Figure 4e-f). 174 

This suggests that the observed heterogeneity is not simply due to scDNA-seq noise. For 175 

instance, in case PD26861, a small deletion on chromosome 4 was found in every PGCC 176 

isolated from that tumour as well as in the bulk-sequenced sample, demonstrating that 177 

topographic scDNA-seq can reliably identify small clonal genomic events (Figure 4f). 178 

 179 

Chromothripsis is a major source of heterogeneity across polyploid giant cancer cells 180 

Chromothripsis is one of the more extensively studied complex rearrangement processes, is 181 

prevalent in sarcomas and UPSs, and confers a worse prognosis in multiple human cancers [23-182 

25]. Here, we aimed to explore its prevalence in PGCCs. 183 

Using CTLPScanner, a bioinformatics tool designed to detect chromothripsis-like events, we 184 

analysed bulk WGS and scDNA-seq, building on prior studies that demonstrated the 185 

applicability of bulk-oriented chromothripsis detection methods to scDNA-seq [31, 32]. 186 

Notably, cases PD26882 and PD31205 did not exhibit any clonal chromothripsis-like events. 187 

This was consistent with results from two alternative bioinformatic tools, CTCallR and 188 

ShatterSeek (Table 2, Material and methods). Assuming chromothripsis-like events 189 

identified in bulk WGS to be clonal, we then leveraged CTLPScanner to screen for these clonal 190 

events as well as additional de novo chromothripsis-like events in PGCCs.  191 
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In the eight pleomorphic sarcomas with clonal chromothripsis calls, CTLPScanner identified 192 

at least one or more clonal chromothripsis-like events in 20–83% of PGCCs isolated (Figure 193 

5a). In PGCCs where no clonal chromothripsis-like events were identified, it is likely that the 194 

resolution of scDNA-seq was insufficient to detect these events. Interestingly, CTLPScanner 195 

also detected de novo subclonal chromothripsis-like events in a subset of PGCCs (12–90%; 196 

Figure 5b). Furthermore, de novo subclonal chromothripsis-like events were also inferred in 197 

PGCCs isolated from tumours lacking clonal chromothripsis events, suggesting that 198 

chromothripsis contributes to heterogeneity across PGCCs (Figure 5b). The genomic features 199 

of clonal (Figure 5c-d) and subclonal (Figure 5e) chromothripsis-like events were clearly 200 

visible in individual PGCCs isolated from the same tumour, although there was some evidence 201 

of subclonal diversification (Figure 5d). As a negative control, no chromothripsis-like events 202 

were identified in single normal diploid cells isolated via FACS (Figure 5f). 203 

 204 

Whole genome doubled intermediates lack subclonal chromothripsis-like events 205 

identified in polyploid giant cancer cells 206 

Because non-PGCC tumour cells cannot be reliably isolated from tissue sections using laser 207 

capture microdissection, we employed FACS to separate distinct ploidy subpopulations and 208 

compared their CNAs and chromothripsis-like events with PGCCs. FACS-based ploidy 209 

analysis in one UPS sample (PD26861) identified a twice WGD population (6.2n) that was 210 

distinct from the bulk tumour population (3.3n; Figure 6a). This intermediate population 211 

carried all clonal chromothripsis events identified in the bulk tumour but lacked the subclonal 212 

chromothripsis-like events restricted to PGCCs (Figure 6b and 6c, Table 3). Phylogenetic 213 

analysis also placed this intermediate twice WGD population on an earlier evolutionary branch, 214 

preceding PGCC emergence (Figure 6d). 215 

 216 

Polyploid giant cancer cell morphology correlates with genomic alterations 217 

Next, we assessed microscopic features such as multinucleation and chromosomal bridging in 218 

PGCCs with and without chromothripsis-like events, both clonal and subclonal (Figure 7a-c). 219 

This analysis revealed a significant difference in multinucleation in PGCCs exhibiting 220 

chromothripsis. Specifically, cells with chromothripsis-like events were more likely to be 221 

multinucleated PGCCs compared to those without chromothripsis, which often displayed a 222 

mononucleated morphology (Figure 7d; P = 0.01). Lastly, we observed no difference in the 223 
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 9 

rates of chromosome bridge formation between cells with and without chromothripsis-like 224 

events (Figure 7e).225 
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Discussion 226 

In this study, we examined the evolutionary history and genomic landscape of PGCCs in 227 

undifferentiated sarcomas using topographic scDNA-seq. As the isolation of PGCCs is 228 

technically challenging due to their increased nuclear content, topographic scDNA-seq is an 229 

innovative approach that captures PGCCs from intact tissue sections, permitting the 230 

preservation of morphological features. 231 

Our results reveal a heterogeneous genomic landscape and distinct evolutionary trajectories 232 

compared to the broader tumour population. Given the frequent presence of PGCCs in UPS 233 

compared to carcinoma, their genomes may offer critical insights into sarcoma biology. Unlike 234 

many carcinomas, which often arise from identifiable precursor lesions, sarcomas typically 235 

lack such defined origins, complicating efforts to pinpoint the early changes that lead to 236 

sarcoma formation. Therefore, by studying the genomic characteristics of PGCCs, key 237 

pathways driving their genomic evolution may be revealed. 238 

We uncovered extensive genetic heterogeneity amongst PGCCs, with multiple additional 239 

CNAs compared to the bulk tumour population. Allele-specific copy number analyses and 240 

phylogenetic reconstructions show that PGCCs acquire extra CNAs, likely due to ongoing 241 

chromosomal instability. PGCCs thus provide a rich heterogeneous substrate for evolution 242 

which may enhance cancer survival and drive tumour progression. In line with this, previous 243 

studies have shown that PGCCs exhibit increased migratory and metastatic potential [33, 34]. 244 

Although PGCCs appear de novo as a spatially dispersed minority population of cells, the 245 

presence of shared genomic features indicates a common ancestral origin shared with the main 246 

tumour clone. Nonetheless, we acknowledge that while PGCCs can act as a source of genomic 247 

diversity, many may also represent evolutionary dead ends. These two possibilities are not 248 

mutually exclusive, for example, in some contexts, PGCCs may contribute to clonal 249 

diversification and tumour progression, whereas others may undergo senescence or fail to 250 

expand clonally. PGCCs may therefore represent a heterogeneous population with the potential 251 

to both fuel evolutionary leaps and to terminate without consequence. Although further 252 

functional studies will be required to clarify the balance between these two outcomes, we 253 

hypothesise PGCCs may only very rarely survive and thrive. When they do, however, they may 254 

represent big evolutionary leaps. 255 

Similar CNA patterns were observed in PGCCs from multiple types of high-grade pleomorphic 256 

sarcomas, including myxofibrosarcomas, dedifferentiated liposarcomas and pleomorphic 257 
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liposarcomas, which can be considered histological mimics of UPS, particularly in small 258 

biopsy samples. This suggests a broader relevance of polyploidy and chromothripsis to sarcoma 259 

biology beyond UPS. To enable comparison with clonal bulk copy number profiles, we fitted 260 

PGCC scDNA-seq data within a ploidy range closely aligned with the bulk genome-wide total 261 

copy number. While the actual ploidy of PGCCs is likely substantially higher than the average 262 

bulk ploidy, accurately modelling these elevated ploidy levels at single-cell resolution remains 263 

logistically and computationally challenging.  264 

Screening for chromothripsis-like events in PGCCs confirmed the presence of clonal 265 

chromothripsis events detected in bulk WGS, along with subclonal de novo events identified 266 

in individual cells. Notably, these de novo events were observed even in tumours lacking clonal 267 

chromothripsis in bulk sequencing, underscoring the role of chromothripsis in fuelling 268 

heterogeneity in PGCCs derived from UPSs. Multinucleated PGCCs were also more likely to 269 

harbour chromothripsis-like events than their mononucleated counterparts. Together with our 270 

observation that PGCCs sometimes arise in the context of intermediate twice genome doubled 271 

populations, which already contain clonal chromothripsis events, but not the subclonal events 272 

restricted to PGCCs, these findings offer support for a stepwise trajectory of PGCC evolution. 273 

In this model, WGD intermediates may serve as a transitional state and substrate for PGCC 274 

formation, with subsequent ploidy increases and the acquisition of subclonal chromothripsis-275 

like events driving genomic diversification and the heterogeneity characteristic of PGCCs. 276 

Figure 8 summarises the possible role of PGCCs in tumour evolution. 277 

Consistent with these findings, prior studies have also shown that PGCCs undergo extensive 278 

karyotypic alterations, with spectral karyotyping revealing widespread chromosomal 279 

aberrations in their progeny [35]. These findings place chromothripsis within a broader context 280 

of stochastic chromosomal alterations, often described as ‘genome chaos’, which fuel tumour 281 

evolution by generating bursts of genetic diversity [36]. These chaotic transitions could enable 282 

macroevolutionary leaps that reshape the genome, potentially later followed by 283 

microevolutionary forces that stabilise advantageous variants and drive tumour adaptation in 284 

some PGCCs [37-40]. Novel, high-depth single-cell sequencing approaches are required to 285 

resolve these complex karyotypes with greater precision.  286 

Beyond genomic instability, an emerging paradigm in PGCC biology is their capacity to 287 

undergo embryonic-like reactivation, a phenomenon substantiated by multiple studies [35, 41]. 288 

For example, PGCCs demonstrate molecular and phenotypic hallmarks reminiscent of early 289 

embryogenesis, including the induction of pluripotency-associated transcriptional networks, 290 
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activation of developmental signalling cascades (e.g., Wnt, Notch, and Hedgehog) and re-291 

expression of stemness markers [41, 42]. This embryonic reprogramming is thought to confer 292 

enhanced plasticity, enabling PGCCs to remodel extracellular and stromal architecture, 293 

generate heterogeneous cellular progenies through asymmetric division and sustain 294 

tumorigenic potential under metabolic or genotoxic stress. The link between these embryonal-295 

like phenotypes and the genomic heterogeneity observed in PGCCs remains to be explored.  296 

In summary, this study provides the first in-depth exploration of the genomes and evolutionary 297 

history of PGCCs in pleomorphic sarcoma using topographic scDNA-seq. We reveal that 298 

PGCCs frequently exhibit additional genetic alterations, particularly in the form of CNAs and 299 

chromothripsis-like events. While PGCCs could be an evolutionary dead end, they may also 300 

provide a means for large evolutionary leaps through increased chromosomal instability and 301 

chromothripsis. These changes can affect gene dosage, offering a survival advantage to some 302 

“hopeful monster” cells, which may contribute to tumour progression and relapse. However, 303 

in most PGCCs, these large-scale alterations likely reduce overall fitness. Taken together, this 304 

research sheds light on the complex role of PGCCs in cancer progression and their potential 305 

implications for tumour evolutionary dynamics.  306 
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Materials and Methods 307 

 308 

Patient sample acquisition and data collection 309 

Patient tissues and clinical data were collected by the Royal National Orthopaedic Hospital 310 

biobank, London Sarcoma Service databases and pathology archives. Patient samples were 311 

obtained from the Stanmore Musculoskeletal Biobank, a satellite of the UCL/UCLH Biobank 312 

(HTA Licence Number 12055), which was approved by the National Research Ethics 313 

Committee (reference 20/YH/0088). This study was approved by the NHS Health Research 314 

Authority (REC reference 16/NW/0769). 315 

The pathology archives were searched for sarcomas classified using the international 316 

classification of diseases (ICD) codes (http://www.who.int/classifications/icd/en/), coded as 317 

undifferentiated sarcoma, pleomorphic sarcoma or spindle cell sarcoma NOS. Only cases with 318 

frozen tissue and matching germline material were included. A total of 61 cases were identified. 319 

Following pathology review by two pathologists (N.P. and A.B.), 10 high grade sarcomas 320 

containing prominent polyploid giant cancer cells and were selected for topographic scDNA-321 

seq. Although a high proportion of PGCC-containing samples in this study are female, this is 322 

likely attributable to random variation. 323 

 324 

Bulk WGS 325 

Bulk WGS was performed on patient samples using the XTen instrument (Illumina) according 326 

to the manufacturer’s instructions using 150 bp paired-end libraries. The average coverage was 327 

at least 70 X for tumours and 30 X for normal DNA. Bulk UPS WGS was previously published 328 

[26]. 329 

 330 

Laser capture microdissection and image analysis of polyploid giant cancer cells 331 

For LCM, the same snap frozen tumour tissue used for bulk WGS was divided into 5 mm tissue 332 

blocks and embedded in Tissue-Tek OCT compound for sectioning. 18 µm thick frozen tissue 333 

sections were placed on UV-treated PEN-membrane slides using the Leica CM1950 cryostat 334 

at -23°c to -27°c. PEN mounted tissue sections were then fixed in ice cold acetone for 20 335 

minutes and air dried. Tissue sections were then stained with 1% Toluidine blue (Tol blue) for 336 

3 minutes, followed by two washes in DEPC water (15 seconds each) and an incubation in 75% 337 
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ethanol for 3 minutes. Once air dried, all tissue sections were imaged using a Zeiss Axio (Z1) 338 

slide scanner. Reference tissue sections were stained with H&E.  339 

PGCCs were identified in UPS tissue sections through histological analysis (i.e. nuclear size 340 

and shape, as well as multinucleation). Single PGCCs were then isolated from fresh frozen 341 

tissue sections using a Zeiss PALM Microbeam LCM microscope. Approximately 10 PGCCs 342 

per tumour were randomly selected from a small number of serial sections, typically within the 343 

same region of the tumour. Several serial sections were taken from a single tumour region and 344 

mounted on a PEN-membrane slide. PGCCs were typically tracked through two to four serial 345 

sections. Brightfield images were collected before and after the capture of each individual cell, 346 

as well as imaging single cells in their corresponding PCR tube following laser powered 347 

catapulting. Brightfield images of individual PGCCs were analysed using QuPath (V.0.4.0). 348 

Nuclei were manually annotated, and quantitative measurements were obtained for nuclear 349 

area, maximum dimension, perimeter, mean optical density and circularity. Among the 350 

extracted shape descriptors, solidarity was also calculated, defined as the ratio of the nuclear 351 

area to the area of its convex hull. This metric reflects how compact and convex a nucleus is, 352 

with values approaching 1 indicating a smooth, solid morphology, and lower values 353 

corresponding to irregularity or nuclear indentation. 354 

 355 

Whole genome amplification of single cells 356 

Following single-cell isolation by LCM, DNA was extracted and amplified using the Ampli1 357 

WGA kit (BioMenarini Silicon Biosystems) according to the manufacturer’s instructions. High 358 

sensitivity DNA analysis using a 2100 bioanalyzer (Agilent Technologies) was used to 359 

determine the fragment size of amplified single-cell genomic DNA. The ideal library size is 360 

between 300-400 bp. The Qubit® double-stranded broad range (dsDNA BR) assay kit (Thermo 361 

Fisher Scientific) was used to quantify dsDNA concentrations following single-cell WGA, in 362 

the range of 0.1-100 ng/µl, ensuring sufficient input material prior to single-cell library 363 

generation and scDNA-seq. In total, 147 polyploid giant cancer cells from 10 pleomorphic 364 

sarcoma cases were isolated by LCM and subjected to WGA. 119 single cells underwent 365 

successful WGA and scDNA-seq was successfully performed on 112 single cells.  366 

 367 

Single-cell DNA library selection and scDNA-seq 368 
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Adapters were removed and libraries were size selected using SPRIselect magnetic beads 369 

(Beckman Coulter) according to the manufacturer’s instructions. In brief, 90 µl of SPRIselect 370 

beads were incubated with 50 µl of single-cell DNA (1.8X volume) for 10 minutes at room 371 

temperature. Samples were then placed on a magnetic rack for 10 minutes after which the 372 

supernatant was discarded. The beads were washed with 200 µl fresh 85% ethanol then air 373 

dried on the magnetic rack for 10 minutes. SPRIselect beads were then re-suspended in 40 µl 374 

of TE buffer (pH 8.0), mixed and incubated for 10 minutes. Finally, samples were placed on 375 

the magnetic rack for a further 10 minutes, after which 30 µl of supernatant was transferred to 376 

a fresh tube.  377 

Genomic libraries were prepared using the NEBNext UltraII FS DNA Library Prep Kit for 378 

Illumina (New England Biolabs) according to the manufacturer’s protocol. Thereafter, DNA 379 

was sent for scDNA-seq (Illumina HiSeq 4000) using 150 bp paired-end sequencing with a 380 

coverage ranging from 2.5 - 4.5 X per single-cell. 381 

 382 

FACS analysis of ploidy and direct library preparation of single nuclei in one UPS 383 

Eight 50-µm frozen tumour sections were dissociated using a detergent-based protocol with a 384 

Kimble Dounce tissue grinder. The resulting nuclear suspension was filtered twice through a 385 

40-µm mesh and supplemented with HALT Protease Inhibitor Cocktail (Thermo Scientific, 386 

10320015). Nuclei were stained with 20 µL propidium iodide (PI, 1.0 mg/mL) for at least 40 387 

minutes, then sorted by FACS on a BD FACSAria Fusion cytometer (BD Biosciences, DIVA 388 

v9.4). PI-positive nuclei (488 nm excitation, 695/40 filter) were collected, while debris and 389 

doublets were excluded. Three populations were gated: a normal diploid control, the bulk 390 

tumour population (3.3n), and a twice-WGD tumour population (6.6n). Subpopulations were 391 

collected into 384-well plates using the cellenONE system (Cellenion) and processed with the 392 

DLP+ protocol [45] using the Nextera i5/i7 library preparation system. Single-cell sequencing 393 

libraries were sequenced to a mean depth of ~0.04× per nucleus (Illumina, Nova Xplus). 394 

 395 

Single cell WGS alignment and data preprocessing   396 

Paired-end reads generated from bulk WGS and scDNA-seq were aligned to the reference 397 

human genome (GRCh38) with BWA-MEM (v0.7.18) [43]. Duplicate reads were marked 398 

using MarkDuplicates (Picard v2.23.8) [Broad 44]. SAMtools (v 0.7.17) was used to sort and 399 

index aligned reads [45]. SAMtools stats was applied to generate summary statistics for single-400 
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cell BAM files (https://www.htslib.org/). These summary statistics included the total number 401 

of sequencing reads, the number of mapped and paired reads, the number of unmapped reads 402 

and duplicated reads, the mapping quality distribution, the coverage breadth and the GC content 403 

distribution. For the analysis of the FACS WGD tumour subpopulation (6.2n; PD26861), a 404 

combined pseudobulk BAM from all single cells was down sampled to match the read depth 405 

of single PGCC BAMs.  406 

 407 

Bulk WGS bioinformatic analysis 408 

For bulk WGS analysis, somatic variant calling (SNVs, CNAs and SVs) was performed using 409 

a validated suite of software with bespoke post-processing filters, which was previously 410 

published by Steele et al., (2019) [26]. Briefly, Manta (v1.6.0) was used to infer structural 411 

variants from bulk WGS data [46]. Co-occurring structural variants and CNAs were visualised 412 

across one or multiple chromosomes using an R package called ReConPlot (REarrangement 413 

and Copy Number PLOT) [47]. Types of structural variants were annotated as inter-414 

chromosomal translocations, inversions, deletions, or tandem duplications. Bulk 415 

chromothripsis calls were generated using CTCallR [27], ShatterSeek [48] and CTLPScanner 416 

[49]. The Battenberg algorithm (v2.2.9) was used to infer bulk subclonal copy-number profiles 417 

for 10 high grade sarcomas [50].  418 

 419 

Single cell bioinformatic analysis 420 

ASCAT.sc was used to infer total and allele-specific copy number aberrations (CNAs) in 421 

scDNA-seq data (v0.1; https://github.com/VanLoo-lab/ASCAT.sc). First, ASCAT.sc derives 422 

read counts for pre-computed variable sized bins of 30,000 bases for GRCh38 with a mapping 423 

quality >= 30, excluding duplicate reads. Second, the log read counts are smoothed by applying 424 

a LOESS fit against GC-content to obtain a corrected LogR. Third, a grid search is performed 425 

on all ploidy values between 1.0 and 5.5 by steps of 0.01 and a purity of 0.5 or 1 to fit integer 426 

copy number values from the LogR track. As ASCAT.sc prefers lower ploidy solutions for 427 

some cells, the copy number solutions for some PGCCs were manually refitted to higher ploidy 428 

states in agreement with the bulk WGS data. Lastly, a single cell is filtered out when all purity 429 

and ploidy solutions result in homozygous deletions of more than 25 Mb, a threshold found to 430 

be reached in low quality samples at the bulk level. Allele-specific copy number profiles were 431 

derived by leveraging BAF values inferred from matching bulk phased haplotypes derived by 432 

the Battenberg algorithm [50].  433 
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For single cell phylogenetic analysis, multi-PCF was applied to allele-specific CNAs 434 

permitting the segmentation of shared genomic segments with different copy number states 435 

across all cells. This produced single-cell copy number profiles with the same set of 436 

breakpoints, the outputs of which were then used for downstream phylogenetic tree 437 

reconstruction using MEDICC2 (v0.5b) [30]. Alternatively, for the analysis of chromothripsis-438 

like events in single cells, multi-PCF was not employed. This enhanced the sensitivity for 439 

detecting clusters of chromosomal breakpoints associated with chromothripsis-like events in 440 

scDNA-seq data using CTLPScanner [49]. The percentage of genome altered (PGA) was 441 

calculated as the fraction of the genome spanned by segments with total copy number not equal 442 

to two, weighted by segment length.  443 

 444 

Statistics 445 

No statistical method was used to predetermine cohort size as cases were included based on 446 

the patient material and clinical data available. All statistical analyses were performed using 447 

GraphPad Prism (v10.2.1). The observed frequencies of morphological characteristics between 448 

single cells with and without chromothripsis were assessed using a Fisher’s exact test. 449 

Significance was set a P < 0.05 for all tests.  450 
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Tables and Figures 
 

Table 1: Overview of sarcoma cases and their clinicopathological features 
 

Sample 

ID 

Gender Age at 

diagnosis 

Grade Nature Site Size 

(mm) 

Resection 

status 

Pathological 

stage 

Metastasis Diagnosis Survival 

status 

PD26859 F 82 3 Primary Right 

shoulder 

120 Incomplete pT2b Unknown UPS Dead 

PD26861 F 76 3 Primary Left thigh 200 Complete pT2b Unknown UPS Dead 

PD26865 F 75 3 Primary Right 

thigh 

150 Incomplete pT2b Soft tissue UPS Dead 

PD26882 F 60 3 Primary Left pelvis 230 Complete pT2b No UPS Alive 

PD26890 M 72 3 Primary Right 

thigh 

250 Marginal pT2b Lung and 

soft tissue 

UPS Dead 

PD26902 F 77 3 Recurrence Right 

upper arm 

15 Marginal pT2b No UPS Alive 

PD26914 F 77 3 Primary Unknown 85 Complete pT2b No DDLPS Alive 

PD31195 F 40 3 Primary Unknown 160 Marginal pT2b Bone Pleomorphic 

liposarcoma 

Alive 

PD31204 F 69 3 Primary Right 

thigh 

135 Complete pT2b No Myxofibrosarcoma Alive 

PD31205 M 64 3 Primary Left thigh 120 Marginal pT2b Lung UPS Dead 

 

 

DDLPS = Dedifferentiated liposarcoma. UPS = Undifferentiated pleomorphic sarcoma. 
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Table 2: Chromothripsis events identified on bulk sequencing. 
 

Cases Chromothripsis events 

identified by 

CTLPScanner 

 Chromothripsis events 

identified by ShatterSeek 

Chromothripsis events 

identified by CTCallR 

PD26859 chr15, ch18, chr21  None None 

PD26861 chr3, chr4, chr11, chr12, 

chr18, chr19 

 chr12 chr12 

PD26865 chr1, chr2, chr5, chr6, chr8, 

chr15 

 chr1 chr2, chr7, chr8, chr14, 

chr18 

PD26882 None  None None 

PD26890 chr8, chr11  chr9 None 

PD26902 chr2, chr5, chr4, chr8, 

chr11, chr17, chr19, chr20 

 chr1, chr4, chr8, chr17, 

chr20 

chr4, chr8 

PD26914 chr12  None None 

PD31195 chr2, chr10, chr14, chr18  chr3, chr14 None 

PD31204 chr2, chr3  chr2 None 

PD31205 None  None None 
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Table 3: Chromothripsis-like events in PD26861 subpopulations, including the bulk tumour 

(3.3n), twice WGD subpopulation (6.2n) and single PGCCs, identified by CTLPScanner. 
 

Sample ID CTLP 

Region 

(Mb) 

Chromosome Start Stop CNA 

status 

change 

times 

Likelihood 

ratio 

(log10) 

PD26861 83.25 3 1 83247441 39 16 

PD26861 46.7 4 125000001 171699983 22 8 

PD26861 30 11 5000001 35000000 15 7 

PD26861 30 12 100000001 130000000 18 10 

PD26861 80.26 18 1 80259271 27 7 

PD26861 30 19 28607616 58607616 18 10 

2 x WGD 64.33 3 30000001 94334167 33 13 

2 x WGD 46.7 4 125000001 171699983 23 7 

2 x WGD 30 11 5000001 35000000 15 5 

2 x WGD 133.27 12 1 133265309 54 15 

2 x WGD 80.26 18 1 80259271 28 6 

2 x WGD 30 19 28607616 58607616 17 6 

PGCC 2 46.7 4 125000001 171699983 29 8 

PGCC 2 133.27 12 1 133265309 58 10 

PGCC 2 30 19 28607616 58607616 17 5 

PGCC 3 242.18 2 1 242183529 171 10 

PGCC 5 83.25 3 5000001 88247441 48 17 

PGCC 5 46.7 4 125000001 171699983 21 5 

PGCC 5 30 6 85000001 115000000 15 5 

PGCC 5 30 11 5000001 35000000 15 5 

PGCC 5 30 19 28607616 58607616 15 5 

PGCC 7 50.81 14 50000001 100806138 68 5 

PGCC 13 58.61 3 30000001 88607616 31 7 

PGCC 13 46.7 4 125000001 171699983 26 6 

PGCC 13 30 11 5000001 35000000 19 6 

PGCC 13 30 12 95000001 125000000 31 16 

PGCC 15 30 12 95000001 125000000 24 6 

PGCC 16 40 11 5000001 45000000 38 6 

PGCC 20 80.26 3 1 80259271 41 9 

PGCC 20 30 12 100000001 130000000 24 10 
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Figure 1: Spatial distribution and histopathological characteristics of PGCCs in pleomorphic 

sarcomas. (a-b) Representative H&E-stained frozen tissue sections from a pleomorphic sarcoma case 

(PD26859), demonstrating that PGCCs (white arrows) are randomly distributed throughout the tumour 

parenchyma rather than being confined to specific regions. The surrounding tumour cells exhibit a 

heterogenous morphology, ranging from elongated spindled cells to larger epithelioid-appearing cells. 

Interspersed among the neoplastic cells are scattered immune infiltrates, predominantly small 

lymphocytes. Scale bar = 200 m. (c-e) Higher-magnification images of multinucleated PGCCs (white 

arrows) within the same tumour, illustrating their distinct morphology characterised by enlarged, multi-

lobated, hyperchromatic nuclei with anisonucleosis and severe nuclear pleomorphism. Scale bar = 50 

m. 

 

 

Figure 2: Comparison of topographic single-cell DNA sequencing (scDNA-seq) via laser capture 

microdissection (LCM) and fluorescence-activated cell sorting (FACS). (a) Schematic of the PALM 

microbeam LCM system, which employs a pulsed UV laser (wavelength: 337 nm) directed through the 

epifluorescence path and focused through an objective lens, enabling precise single-cell isolation 

directly from tissue sections. (b) Representative workflow of FACS used to isolated single nuclei prior 

to downstream scDNA-seq. Single nuclei were FACS-sorted according to DAPI staining, without 

selection for specific cell types. The resulting population contained a mixture of tumour and non-tumour 

cells. (c-e) Examples of PGCCs (indicated by the white and black arrows) being selectively excised 

from surrounding tumour tissue suing laser ablation and deposited into individual PCR tubes. Scale = 

100 m. (f-j) Quantitative comparison of sequencing performance metrics between FACS-sorted single 

nuclei and LCM-captured PGCCs. Parameters assessed include the percentage of mapped and paired 

rates, duplicated reads, coverage breadth across the genome, coverage uniformity as measured by the 

Gini index (a measure of read distribution evenness) and the proportion of cells yielding successful 

copy number profiles analysed by ASCAT.sc. Statistical significance was determined by Mann-

Whitney tests, with numeric labels denoting P values (threshold for significance: P < 0.05). Only 

significant comparisons are shown.  

 

 

Figure 3: Genomic heterogeneity of PGCCs revealed by CNA profiling. (a) Approximately ten 

PGCCs were micro-dissected from each high-grade sarcoma case using laser capture microdissection 

(LCM). Tumour types included undifferentiated pleomorphic sarcoma (UPS), dedifferentiated 

liposarcoma (DDLPS), myxofibrosarcoma (MFS) and pleomorphic liposarcoma (PLS). (b) Subclonal 

allele-specific CNA landscape of a representative UPS case derived from bulk WGS, reflecting the 

composite genomic profile of the entire tumour cell population. (c-d) Allele-specific CNA profiles of 

individual PGCCs isolated from the same UPS, displayed at a genomic bin size of 30 Kb. Yellow lines 
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represent total copy number, while teal lines indicate the copy number of the minor allele. Comparison 

with the bulk tumour profile highlights both conserved alterations and PGCC-specific genomic 

differences, illustrating intra-tumoral heterogeneity. (e) Violin plot showing the percentage of the 

genome altered (PGA) in PGCCs from each sarcoma subtype. Each violin reflects the distribution of 

PGCC PGA values within a tumour type, while horizontal lines denote the lower quartile, median, and 

upper quartile. This visualisation demonstrates variability in genomic alteration burden across PGCCs 

and between sarcoma subtypes.  

 

 

 

Figure 4: Phylogenetic relationships and copy number heterogeneity of PGCCs in pleomorphic 

sarcomas (PD26859 and PD26861). (a-b) Representative histological images of undifferentiated 

pleomorphic sarcoma (UPS) tissue, demonstrating numerous PGCCs (white arrows). Scale bar = 50 

μm. (c-d) Allele-specific copy number-based phylogenetic trees of single PGCCs isolated by laser 

capture microdissection (LCM) from two independent sarcoma cases (PD26859 and PD26861). 

Phylogenies illustrate both genetic divergence among individual PGCCs and evidence of a shared 

common ancestor when compared to the bulk tumour population. Branch lengths correspond to the 

number of somatic copy number alterations (CNAs) required to transform one profile into another. The 

‘diploid sample’ represents a theoretical normal diploid ancestor. Numbers on the tree denote PGCC 

IDs; missing IDs indicate cells where library preparation failed. (e-f) Total copy number heatmaps 

depicting chromosome-wide gains (red) and losses (blue) across single PGCCs from the same cases. 

Profiles were generated using multi-PCF segmentation with a genomic bin size of 10 Kb. The black 

arrow highlights a clonal deletion consistently observed in all PGCCs isolated from case PD26861, 

suggesting a shared ancestral genomic event.  

 

 

Figure 5: Clonal and subclonal chromothripsis-like events in PGCCs. (a–b) Frequency of 

chromothripsis-like events detected in PGCCs across ten pleomorphic sarcomas, stratified as (a) clonal 

events (shared with the bulk tumour population) or (b) subclonal events (unique to PGCCs and not 

observed in the bulk profile). Events were inferred using CTLPScanner, highlighting both the 

persistence of tumour-wide catastrophic events and the emergence of PGCC-specific genomic 

rearrangements. (c) Representative example of a clonal chromothripsis event detected in bulk WGS, 

illustrating a complex pattern of localized chromosomal rearrangements. (d–e) Single-cell allele-

specific copy number profiles of individual PGCCs from the same tumour case, showing (d) a clonal 

chromothripsis-like event, concordant with the bulk tumour, and (e) a subclonal chromothripsis-like 

event unique to the PGCC. For copy number data, black lines represent the total copy number and grey 

lines denote the minor allele. Structural rearrangements are annotated: black arches = tail-to-tail 

inversions, green arches = head-to-head inversions, blue arches = tandem duplications, yellow arches = 
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deletions. (f) Control allele-specific CNA profile from a single normal diploid cell isolated by FACS 

from the same sarcoma, confirming baseline chromosomal stability. Yellow = total copy number; teal 

= minor allele copy number.  

 

 

Figure 6: Chromothripsis-like events in WGD intermediates compared with the bulk tumour and 

PGCCs (PD26861). (a) FACS ploidy histogram from a single UPS sample (PD26861) showing a 

distinct twice WGD (6.2n) population compared with the bulk tumour (3.3n) and a diploid control cell 

line. (b) Distribution of clonal versus subclonal chromothripsis-like events, where clonal events are 

shared between the bulk tumour and the twice WGD population, whereas subclonal chromothripsis-like 

events appear restricted to PGCCs. (c) Heatmap of individual chromothripsis-like events for the bulk 

tumour (3.3n), the twice WGD population (6.2n) and PGCCs isolated from the same tumour via LCM. 

(d) Allele-specific copy number-based phylogenetic tree for an UPS, including the bulk tumour, twice 

WGD intermediate population and single PGCCs (PD26861). Phylogenetic analysis suggests that the 

twice-WGD intermediate precedes PGCC formation supporting a stepwise trajectory of PGCC 

evolution. Branch lengths correspond to the number of somatic copy number alterations (CNAs) 

required to transform one profile into another. The ‘diploid sample’ represents a theoretical normal 

diploid ancestor. Numbers on the tree denote PGCC IDs; missing IDs indicate cells where library 

preparation failed. 

 

 

Figure 7: Histopathological features of single PGCCs stratified by the presence or absence of 

chromothripsis-like events. (a–c) Representative histological images of polyploid giant cancer cells 

(PGCCs, white arrows) captured on H&E-stained frozen tissue sections, illustrating their diverse 

morphologies: (a) mononucleated PGCC, (b) multinucleated PGCC, and (c) PGCC undergoing 

chromosomal bridge formation, a feature suggestive of mitotic errors and structural genome instability. 

Scale bar = 50 μm. (d–e) Quantitative comparison of histopathological features between PGCCs with 

and without chromothripsis-like events. Fisher’s exact test was used to assess significance. (d) 

Multinucleated PGCCs were significantly enriched for chromothripsis-like events compared with 

mononucleated PGCCs (p = 0.01), suggesting an association between multinucleation and catastrophic 

genomic rearrangements. (e) In contrast, no significant difference was observed in the frequency of 

chromosomal bridge formation between PGCCs harbouring or lacking chromothripsis-like events (p = 

0.48). Non-significant P values are not displayed. Numbers above each bar denote the number of 

PGCCs analysed in each category.  

 

 

Figure 8: PGCCs and tumour evolution: (a) Polyploid giant cancer cells (PGCCs) display a random 

distribution within undifferentiated pleomorphic sarcomas (UPSs), suggesting de novo formation. 
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Owing to multiple formation pathways, including endocycling, mitotic slippage, endomitosis and 

cytokinesis failure, PGCCs exhibit diverse morphologies and may appear either mononucleated or 

multinucleated. (b) Chromothripsis results from a catastrophic cellular event that causes chromosome 

shattering and random reassembly, leading to extensively rearranged chromosomes, loss of DNA 

fragments, and the formation of extrachromosomal DNA (ecDNA). (c) Proposed model for PGCC 

formation. Whole-genome duplication (WGD) intermediates may act as transitional states that give rise 

to PGCCs. Alternatively, PGCCs can also arise after a catastrophic mitotic failure, such as 

chromothripsis. Subsequent increases in ploidy and acquisition of subclonal chromothripsis-like events 

may contribute to genomic diversification and the intra-tumoural heterogeneity characteristic of 

PGCCs. 
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Supplementary data 

The following is the supplementary data to this article.  

 

 

Supplementary Figure 1: Nuclear morphometric features of PGCCs. (a-f) Violin plots illustrating 

the distribution of nuclear morphologies among PGCCs isolated from each of the ten pleomorphic 

sarcoma samples. Quantitative features assessed include nuclear area, perimeter, circularity, aspect ratio 

and solidity. Solidity, defined as the ratio of nuclear area to its convex hull, provides a measure of 

nuclear compactness and convexity, with values closer to 1 indicating smoother, more circular nuclei. 

Each violin plot displays the full range of measurements within a sample, while horizontal lines denote 

the lower quartile, mean and upper quartile. These analyses demonstrate both inter- and intra-tumoral 

variability in PGCC nuclear architecture, reflecting their morphological heterogeneity. 

 

Supplementary Figure 2: Bulk subclonal allele-specific copy number profiles for cases PD26859, 

PD26861, PD26865, PD26882 and PD26890. Allele-specific copy number plots are shown for cases 

PD26859, PD26861, PD26865, PD26882 and PD26890 across the entire genome. For each 

chromosome, allele-specific copy number states are represented as yellow (major allele) and teal (minor 

allele) lines. Non-integer copy number values reflect the presence of subclonal tumour populations, 

with the relative size of each subclone inferred from the distance between adjacent integer states. This 

approach highlights the coexistence of clonal and subclonal genomic alterations within the same 

tumour.  

 

Supplementary Figure 3: Bulk subclonal allele-specific copy number profiles for cases PD26902, 

PD26914, PD31195, PD31205 and PD31204. Allele-specific copy number profiles are shown for cases 

PD26902, PD26914, PD31195, PD31205 and PD31204 across the entire genome. For each 

chromosome, allele-specific copy number states are represented as yellow (major allele) and teal (minor 

allele) lines. Non-integer copy number values reflect the presence of subclonal tumour populations, 

with the relative size of each subclone inferred from the distance between adjacent integer states. This 

approach highlights the coexistence of clonal and subclonal genomic alterations within the same 

tumour.  

 

Supplementary Figure 4: Ploidy optimisation plots for PGCC allele-specific CNAs: (a) Allele-

specific copy number profile for bulk tumour sample PD26861. (b) Allele-specific copy number profile 

for a single PGCC (PD26861.5) isolated from the same case, fitted to a maximum ploidy of 3.5 to 

facilitate direct visual comparison with the bulk tumour profile. (c) Alternative fitting of the same PGCC 

sample (PD26861.5) to a maximum ploidy of 4.5, which introduces greater visual complexity. For each 
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chromosome, allele-specific copy number states are shown as yellow (major allele) and teal (minor 

allele) lines. Non-integer copy number values indicate the presence of subclonal tumour populations, 

with the relative size of each subclone inferred from the spacing between adjacent integer states. 

 

Supplementary Figure 5: Quality control metrics for PGCC scDNA-seq. (a) Bar plot summarising 

the number of PGCCs per case that underwent successful whole-genome amplification (WGA). 

Numbers above each bar indicate the number of successfully amplified single cells. (b–f) Scatter plots 

showing individual quality control metrics for each successfully sequenced PGCC, with each dot 

representing one single cell. Metrics assessed include DNA yield, duplicated sequencing reads, 

unmapped reads, mapped and paired reads and coverage breadth across the whole genome. Together, 

these parameters provide an overview of sequencing quality and the reliability of downstream copy 

number profiling. 

 

Supplementary Figure 6: Phylogenetic relationships and copy number heterogeneity of PGCCs 

in pleomorphic sarcomas (PD26865 and PD26882). (a-b) Representative histological images of 

undifferentiated pleomorphic sarcoma (UPS) tissue, demonstrating numerous PGCCs (white arrows). 

Scale bar = 50 μm. (c-d) Allele-specific copy number-based phylogenetic trees of single PGCCs isolated 

by laser capture microdissection (LCM) from two independent sarcoma cases (PD26865 and PD26882). 

Phylogenies illustrate both genetic divergence among individual PGCCs and evidence of a shared 

common ancestor when compared with the bulk tumour population. Branch length corresponds to the 

number of somatic copy number alterations (CNAs) required to transform one profile into another. The 

‘diploid sample’ represents a theoretical normal diploid ancestor. Numbers on the tree denote PGCC 

IDs; missing IDs indicate cells where library preparation failed. (e-f) Total copy number heatmaps 

depicting chromosome-wide gains (red) and losses (blue) across single PGCCs from the same cases. 

Profiles were generated using multi-PCF segmentation with a genomic bin size of 10 Kb.  

 

 

Supplementary Figure 7: Phylogenetic relationships and copy number heterogeneity of PGCCs 

in pleomorphic sarcomas (PD26890 and PD26902). (a-b) Representative histological images of 

undifferentiated pleomorphic sarcoma (UPS) tissue, demonstrating numerous PGCCs (white arrows). 

Scale bar = 50 μm. (c-d) Allele-specific copy number-based phylogenetic trees of single PGCCs isolated 

by laser capture microdissection (LCM) from two independent sarcoma cases (PD26890 and PD26902). 

Phylogenies illustrate both genetic divergence among individual PGCCs and evidence of a shared 

common ancestor when compared with the bulk tumour population. Branch length corresponds to the 

number of somatic copy number alterations (CNAs) required to transform one profile into another. The 

‘diploid sample’ represents a theoretical normal diploid ancestor. Numbers on the tree denote PGCC 

IDs; missing IDs indicate cells where library preparation failed. (e-f) Total copy number heatmaps 
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depicting chromosome-wide gains (red) and losses (blue) across single PGCCs from the same cases. 

Profiles were generated using multi-PCF segmentation with a genomic bin size of 10 Kb.  

 

 

Supplementary Figure 8: Phylogenetic relationships and copy number heterogeneity of PGCCs 

in a dedifferentiated liposarcoma (DDLPS) and pleomorphic liposarcoma (PD26914 and 

PD31195). (a-b) Representative histological images of a DDLPS and pleomorphic liposarcoma, 

demonstrating numerous PGCCs (white arrows). Scale bar = 50 μm. (c-d) Allele-specific copy number-

based phylogenetic trees of single PGCCs isolated by laser capture microdissection (LCM) from two 

independent sarcoma cases (PD26914 and PD31195). Phylogenies illustrate both genetic divergence 

among individual PGCCs and evidence of a shared common ancestor when compared with the bulk 

tumour population. Branch length corresponds to the number of somatic copy number alterations 

(CNAs) required to transform one profile into another. The ‘diploid sample’ represents a theoretical 

normal diploid ancestor. Numbers on the tree denote PGCC IDs; missing IDs indicate cells where 

library preparation failed. (e-f) Total copy number heatmaps depicting chromosome-wide gains (red) 

and losses (blue) across single PGCCs from the same cases. Profiles were generated using multi-PCF 

segmentation with a genomic bin size of 10 Kb.  

 

 

Supplementary Figure 9: Phylogenetic relationships and copy number heterogeneity of PGCCs 

in pleomorphic sarcomas (PD31204 and PD31205). (a-b) Representative histological images of a 

myxofibrosarcoma and undifferentiated pleomorphic sarcoma (UPS), demonstrating numerous PGCCs 

(white arrows). Scale bar = 50 μm. (c-d) Allele-specific copy number-based phylogenetic trees of single 

PGCCs isolated by laser capture microdissection (LCM) from two independent sarcoma cases 

(PD31204 and PD31205). Phylogenies illustrate both genetic divergence among individual PGCCs and 

evidence of a shared common ancestor when compared with the bulk tumour population. Branch length 

corresponds to the number of somatic copy number alterations (CNAs) required to transform one profile 

into another. The ‘diploid sample’ represents a theoretical normal diploid ancestor. Numbers on the tree 

denote PGCC IDs; missing IDs indicate cells where library preparation failed. (e-f) Total copy number 

heatmaps depicting chromosome-wide gains (red) and losses (blue) across single PGCCs from the same 

cases. Profiles were generated using multi-PCF segmentation with a genomic bin size of 10 Kb.  
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at accension number EGAD00001004162 and were previously published [26].  
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Highlights 

Topographic scDNA-seq of 10 UPS samples reveals the genomic traits of PGCCs. 

PGCCs show random tumour distribution, suggesting de novo formation. 

PGCCs arise from the dominant tumour population and display rich CNA heterogeneity. 

PGCCs contain clonal and subclonal chromothripsis-like genomic events. 

Chromothripsis-like events in PGCCs associate with multinucleation. 
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